Abstract: Lightweight structural applications of magnesium and aluminum alloys inevitably necessitate welding and joining, especially dissimilar welding between these alloys. The objective of this study was to examine the feasibility of joining ZEK100 Mg alloy to Al6022 alloy via ultrasonic spot welding, focusing on effects of welding energy. An interface diffusion layer consisting of α-Mg and Al 12 Mg 17 eutectic structure was observed to form, with its thickness increased from~0.5 µm tõ 30 µm with increasing welding energy from 500 J to 2000 J. The tensile lap shear peak load or strength and critical stress intensity of the welded joints first increased and then decreased with increasing welding energy, with their peak values achieved at 750 J. Fatigue life of the joints made at 750 J and 2000 J was equivalent at the lower cyclic loading levels, while it was longer for the joints made at 750 J at the higher cyclic loading levels. Fatigue fracture mode changed from interfacial failure to mainly transverse-through-thickness crack growth with decreasing cyclic loading level, which corresponded well to the bi-linear characteristic of S-N curves. Crack initiation basically occurred at the weld nugget border and at the interface between the two sheets, which can be understood via a theoretical stress analysis.
Introduction
The transportation industry is increasingly adopting lightweight structural materials in the manufacture of auto-body structures, which is deemed as one of the most important strategies to improve fuel efficiency and reduce anthropogenic climate-changing, environment-damaging, human death-causing (According to Science News entitled "Air pollution kills 7 million people a year" on 25 March 2014 at http://www.sciencemag.org/news/2014/03/air-pollution-kills-7-million-peopleyear "Air pollution isn't just harming Earth; it's hurting us, too. Startling new numbers released by
Materials and Methods
The materials selected in this study were 1.3 mm thick sheet of Al6022-T43 alloy and 2.0 mm thick sheet of ZEK100-O Mg alloy. Nominal chemical compositions of the alloys are listed in Table 1 . Test coupons of 80 mm × 15 mm strips were initially sheared, ground with grit #120 sand paper, and then cleaned with ethanol followed by acetone prior to welding. A 2.5 kW dual wedge reed Sonobond-MH2016 HP-USW system operated at 20 kHz was used to perform welding. The welding tools were 8 mm × 5 mm flat serrated sonotrode tips having nine parallel teeth to warrant good grasping of top and bottom sheets, i.e., prevent the relative motion between the sonotrode tip and sheet. The joints were achieved by a transverse relative motion between the sheets with a 20 mm overlap having vibrational direction perpendicular to the rolling direction. Figure 1 shows a schematic diagram of the lap welded joint with the dimensions indicated. The welding parameters used were shown in Table 2 . The welding energy (Q) was determined by the power (P) and weld time (t), where Q~P × t. For example, a welding energy of 1500 J at 2 kW was equivalent to~0.75 s. Table 1 . Chemical composition of the ZEK100-O Mg alloy and 6022-T43 Al alloy. Five samples were welded for each welding condition; one of them was used for microstructure, two of them were used for tensile lap shear tests and the other were used for fatigue tests. In order to reduce the scatter, one more sample made at the energy of 750 J and 1000 J was used for the tensile lap shear tests. The cross-section of the samples for scanning electron microscope (SEM) observations was cut from the central area of the weld joint along the vibration direction using a slow diamond cutter, cold-mounted with epoxy, and then mechanically ground with abrasive papers, and finally polished with diamond paste and colloidal silica. A fully computerized United testing machine was used to determine the peak failure load of tensile lap shear tests at a constant crosshead speed of 1 mm/min in air at room temperature. X-ray diffraction (XRD) analysis was carried out on the matching interfaces of both Mg alloy and Al alloy sides after tensile lap shear tests using Cu Kα radiation at 45 kV and 40 mA. The diffraction angle (2θ) at which the X-rays were incident on the samples varied from 20 • to 100 • , with a step size of 0.05 • and 2 s in each step. Load-controlled fatigue tests were performed using a fully computerized Instron 8801 servo-hydraulic testing system at different cyclic loading levels. A load ratio of R (P min /P max ) equal to 0.2, sinusoidal waveform, and frequency of 50 Hz were used for all the tests. In the tensile lap shear testing and fatigue testing, restraining shims or spacers were attached at both ends of the specimen to avoid the bending moment and rotation during the tensile and fatigue tests. The fracture surfaces of selected tensile and fatigue failed samples were examined via a JSM-6380LV SEM equipped with Oxford energy-dispersive X-ray spectroscopy (EDS), electron backscatter diffraction (EBSD) and 3D surface/fractographic analysis capacity to identify fracture mechanisms.
Results and Discussion

Microstructural Characterization
The join mechanisms such as mechanical interlocking, interface diffusion, metallurgical adhesion, and localized melting would happen during welding. In the beginning, the metal to metal would contact and form islands when the oxide film broke locally at the weld interface [22, 24] . Then the microweld could occur. With increasing temperature owing to the high frequency rubbing/vibration, the inter-diffusion intensified in the adhesion region, intermetallics would form during a sufficiently rapid kinetic reaction [22, 24] . Figure 2 shows typical interfaces or cross-sections of the ZEK100-Al6022 joints at a welding energy of (a) 500 J, (b) 750 J, (c) 2000 J, and (d) the corresponding EDS line scan results at a welding energy of 2000 J. Due to the lower energy (500 J) and the shorter welding time (0.25 s), the temperature at the interface was relatively low with an uneven distribution. The kinetics of interfacial reaction was insufficient, and there was no significant diffusion across the interface except at some localized asperities [24, 43] . The non-uniform and isolated diffusion layer or islands marked by arrows could only be seen at a higher magnification in Figure 2a at the initially touched asperities, with an average thickness of about 0.2~0.5 µm. When the welding energy rose to 750 J, a thin continuous but irregular diffusion layer with an average thickness of about 3~5 µm could be seen, as indicated by an arrow in Figure 2b , owning to the increase in temperature and strain rate at the interface caused by longer time friction/rubbing. When the welding energy increased to 2000 J, a thick continuous diffusion layer with a thickness of about 20~30 µm could be observed in Figure 2c . An EDS box analysis performed on the continuous diffusion layer showed a composition of 61.7 at. % Mg, 38 at. % Al, and 0.3 at. % Zn, which reflected the approximate composition of interface diffusion layer of α-Mg + Al 12 Mg 17 eutectic structure. Several researchers have also observed the formation of Al 12 Mg 17 IMC phase during welding of Mg to Al [15, [22] [23] [24] 26, [44] [45] [46] . Figure 2d shows the relevant EDS line scan results, revealing the elemental distribution across the interface of the joint at a welding energy of 2000 J. It is seen that there was a big plateau where the Al element and Mg element co-existed in a certain proportion from the concentration profile in Figure 2d , where the ratio of Al element and Mg element changed near the Al side. Figure 3 shows the peak tensile lap shear load and critical stress intensity factor (K c ) of USWed ZEK100/Al6022 dissimilar joints as a function of welding energy at a constant power of 2 kW and clamping pressure of 0.4 MPa. The critical stress intensity (K c ) in Figure 3b , which was used to better normalize the effect of energy input, was calculated based on Zhang's solution [16, 47, 48] :
Tensile Lap Shear Load
where F t is the peak tensile load, t is the sheet thickness, and d is the nugget diameter. In the present study, t = (t 1 + t 2 )/2, where t 1 and t 2 are the thicknesses of ZEK100 and Al6022, respectively. Using the same algorithm as other investigators [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , a nugget zone area of A = 8 × 5 mm 2 was used to assess the tensile lap shear strength with an equivalent nugget diameter of d calculated from:
It is seen in Figure 3 that the peak tensile lap shear load and critical stress intensity (K c ) exhibited a similar trend, i.e., they first increased with increasing welding energy up to 750 J, and then decreased. At a relatively low welding energy of 500 J, the interface diffusion layer was discontinuous and thin (0.2~0.5 µm in thickness, Figure 2a ) due to the low temperature and strain rate. In this case the material was not softened enough (i.e., the yield strength of the base material still remained high) owning to the relatively low temperature, the flowability of metal was thus limited, leading to a limited coalescence of the bonding surfaces [16, 24, 25] . As a result, some isolated islands could be formed with the development of microwelds, and a lower extent of diffusion and discontinuous coalescence at the weld interface resulted in poor welding strength [22, 24] . As the welding energy increased from 500 J to 750 J, the temperature and strain rate increased, and the flowability of metal was improved, resulting in improved metallurgical bonding and mechanical interlocking; microwelds thus developed quickly, and especially the enhanced diffusion in-between Mg and Al alloys led to the formation of a thin and continuous diffusion layer (Figure 2b ) (3~5 µm in thickness). Due to increased plastic deformation, the surface contact of asperities was better established and the diffusion bonding became more robust, which competed with the deterioration effect caused by the presence of IMC at the welding surface [15, 24] . Obviously, the diffusion bonding held an advantage, along with a properly thick diffusion layer. Therefore, the peak load and the critical stress intensity reached their highest values of~2 kN and~4.7 MPam 1/2 , respectively. With the welding energy beyond 750 J, the thicker brittle diffusion layer (Figure 2c ) occurred because of the higher temperature and higher vacancy concentration caused by stronger ultrasonic rubbing, leading to deterioration of the joint due to the thickening of the diffusion layer. Besides, a higher internal stress in the USWed joint would be produced with a higher welding energy due to the faster cooling rate stemming from the higher temperature based on Newton's law of cooling, thus lowering the joint strength and critical stress intensity [24] . Based on the above discussion, the peak load and critical stress intensity were mainly associated with the thickness of interface layer, i.e., being neither too thin (becoming discontinuous) nor too thick. It has been reported that the peak load could be achieved when the thickness of interface layer was 5 µm [15, [22] [23] [24] 46] . This was in good agreement with the results obtained in the present study. Figure 4a,b shows a comparison of the average peak load and average maximum critical stress intensity of the dissimilar ZEK100-Al6022 (Mg-Al) joints with those of the similar Al6022-Al6022 (Al-Al) and ZEK100-ZEK100 (Mg-Mg) joints [16, 49] . It is seen that the peak load of ZEK100-Al6022USWed dissimilar joint reached~68% of ZEK100-ZEK100 similar joint peak load and~56% of Al6022-Al6022 similar joint peak load, while the critical stress intensity of ZEK100-Al6022 dissimilar joint arrived at~75% of ZEK100-ZEK100 similar and~49% of Al6022-Al6022 similar joint critical stress intensity. It was clear that the relatively lower peak load and critical stress intensity of ZEK100-Al6022 dissimilar joints were directly related to the presence of the α-Mg + Al 12 Mg 17 eutectic structure. As for the similar joints, the peak load and critical stress intensity of Al6022-Al6022 joints were higher than those of ZEK100-ZEK100 joints. This would be associated with the difference between Al6022 and ZEK100 alloys in terms of their properties, including ductility and formability, as well as thermophysical properties (thermal conductivity and diffusivity, heat capacity, thermal expansion, etc.). For the sake of comparison with the dissimilar joints made with different Mg and Al alloys via the ultrasonic spot welding, the tensile lap shear strength of dissimilar joints of different Al to Mg alloys was summarized in Figure 4c [15, 18, 21, 22, 50] . It should be noted that the surface roughness would affect the strength. Grit #320, #120 or #80 sand paper was used to grind the specimen surface in the references listed in Figure 4c . In addition, the tip area as a unified algorithm was used to assess the tensile lap shear strength of USWed joints. As seen from Figure 4c , the tensile lap shear strength in the present study was higher than that reported in [15, 18, 21, 22, 50] . However, the overall tensile lap shear strength of the dissimilar Al/Mg welded joints was relatively low due to the presence of brittle diffusion layer (Figure 2 ). 
Fractography: Tensile Lap Shear Fracture Surface Examinations
An interfacial failure mode was observed in the tensile lap shear samples at all levels of welding energy. It is worth noting that the stress concentration was more obvious with an energy increase to 2500 J. The interfacial failure mode was still present. The same phenomenon was reported in [18, 21, 24, 51, 52] during the dissimilar welding of Mg/Al alloys using different joining techniques. This was different from the similar welding such as Al/Al and Mg/Mg alloys, where the tensile lap shear failure mode changed from the interfacial fracture to nugget pull-out. This was ascribed to the difference in the mechanisms of interfacial bonding. Figure 5 shows typical fracture surface images of an USWed ZEK100-Al6022 dissimilar joint made with a welding energy of 2000 J, with an overall view of the entire fracture surface on the Al and Mg sides in Figure 5a ,b, respectively. The high stress concentration regions around the nugget edge appeared to be present on both Al and Mg sides as well. Similar observations were also reported in the similar and dissimilar welded joints in [16, 24] . Figure 5e ,f, where EDS point analyses were performed. Point "g" in Figure 5e showed a composition of 90.2 at. % Al, 8.9 at. % Mg, 0.8 at. % Si, and 0.1 at. % Fe, and point "h" consisted of a composition of 53.9 at. % Mg, 45.8 at. % Al, and 0.3 at. % Zn. They indicated that α-Mg + Al 12 Mg 17 lay non-uniformly on the Al side. Point "i" in Figure 5f included a composition of 99.4 at. % Mg, and 0.6 at. % Zn, which indicated that region "i" was just Mg alloy. Point "j" consisted of a composition of 68.7 at. % Mg, 30.9 at. % Al, and 0.4 at. % Zn, which again reflected the approximate composition of interface diffusion layer of α-Mg + Al 12 Mg 17 . To further confirm the existence of eutectic structure of α-Mg + Al 12 Mg 17 , both matching fracture surfaces of the welded joint after the tensile lap shear test was analyzed via XRD. It is seen from Figure 6 that Mg and Al 12 Mg 17 were present on both Mg and Al sides. This corresponded well to the above EDS box analyses (Figures 2 and 5 ) and line analysis (Figure 2 ), which also indicated the presence of the eutectic structure of α-Mg + Al 12 Mg 17 . Accordingly, it could be inferred that the failure occurred through the interfacial diffusion layer due to the existence of Mg and Al 12 Mg 17 on the both sides. Similar results were also reported by Macwan and Chen in their USW of rare-earth containing ZEK100 Mg alloy to 5754 Al alloy [24] . 
Fatigue Strength and Failure Mode
Fatigue tests of the USWed Mg-Al joints made with a welding energy of 750 J and 2000 J, respectively, were conducted at a load ratio of R = 0.2, a frequency of 50 Hz and room temperature (RT), and the obtained results were shown in Figure 7a . It is seen that at higher cyclic load levels (P max = 2 kN), the fatigue life of the USWed joints made with a welding energy of 750 J was indeed longer than that of the USWed joints made with a welding energy of 2000 J. This corresponded well to the tensile lap shear test results shown in Figure 3 , where the 750 J samples had a higher tensile lap shear peak load than the 2000 J samples. Similar results were reported in the USWed similar or dissimilar joints [15, 16, 21, 24, 53] . However, the 750 J samples appeared to exhibit a fatigue life equivalent to that of the 2000 J samples at lower maximum loads of 0.5-1.5 kN. In Figure 7b , the cyclic maximum stress vs. the number of reversals to failure (2N f ) on a double-log scale exhibited a bi-linear change, which reflected different fatigue failure mechanisms at the higher and lower stress amplitudes. Four macroscopic images of fatigue failure samples are also presented in Figure 7b , which were made at an energy of 750 J tested at a maximum load of 0.5 kN, and 2000 J tested at a maximum load of 0.5 kN, 1 kN, and 1.5 kN, respectively. Obviously, failure modes well corresponded to the bi-linear behavior. Due to the presence of eutectic Mg + Al 12 Mg 17 in the interface layer, only interfacial failure occurred at the cyclic load levels (1.5-2.0 kN), as shown in Figure 7b , which was similar to the failure mode of the tensile lap shear tests ( Figure 5 ). At the cyclic load levels of 0.5-1 kN, while the interfacial failure mode was still observed the transverse-through-thickness (TTT) crack growth perpendicular to the loading direction could be clearly seen at the edge of nugget zone on the Mg side in both welding conditions, as indicated by the yellow dashed arrows in Figure 7b . Similar bi-linear S-N curve behavior and its corresponding failure modes were reported in the similar and dissimilar welded joints of magnesium and aluminum alloys using different welding processes such as weld-bonded, USW, FSSW [24, 42, 43, 54, 55] . The TTT cracking occurred on the Mg side may be understood from the following analysis. Mg alloy was relatively softer than Al alloy during joining since the melting point of Mg alloy is slightly lower than that of Al alloy. A greater extent of surface deformation (or welding tip penetration) caused by the clamping pressure at higher temperatures led to the material at the tip edge or nugget edge to flow outward, thus causing a higher stress concentration and the subsequent formation of micro-level crack produced at the nugget edge of the Mg side [24] . As a result, fracture occurred at the Mg side instead of the Al side. A further stress analysis for such a failure mode is presented in Figure 8 . An USWed specimen under tension could be modelled as shown in Figure 8a . To avoid producing the secondary bending moment due to the structural misalignment of sheets during the tensile lap shear tests and/or fatigue tests, two spacers (or dummy plates) were applied at both ends, as indicated by the yellow segments. In Figure 8b , one could easily derive the normal stress (σ) and shear stress (τ):
where A cross is the cross-sectional area, and A nugget is the weld nugget area. The observed failure mode would depend on which one, i.e., the normal stress or shear stress, first reaches its critical value. When the shear stress reaches a critical shear stress (τ o ) in the nugget, the failure mode would be pure shear, leading to interfacial failure, as shown in Figure 5a ,b in the tensile tests, and Figure 7b at higher cyclic loading level. However, when the shear stress is lower than the critical shear stress, the failure would occur at the site where the stress concentration occurs and the normal stress becomes the maximum which reaches the critical stress (σ o ). In addition, the bending moment (M) would be present during the tensile lap shear testing, which may be calculated as:
where b is the width of the sheet, and h is the sheet thickness. The maximum shear stress is located on the O 1 O 2 plane, and the shear stress on the BC and AD plane is zero. The maximum tensile stress occurs on the AO 1 plane, and the tensile stress on the DO 2 is zero. The compressive stress (σ 1 ) resulting from the bending moment (M) becomes:
where l = O 1 O 2, w is the width of the nugget, I is the moment of inertia, and y is the distance from the center of the nugget. Then:
where σ o1 is the normal stress corresponding to the bending moment (M), as indicated in Figure 8c .
If the values of the related stresses are known, one could calculate the principal stress and direction. The total stress (σ t ) at point O 1 becomes the maximum, as shown in Figure 8c , which could be expressed as:
Therefore, the failure would first occur at nugget edge O 1 (or O 2 since the situation of O 2 is equivalent to that of O 1 ). 
Conclusions
The ultrasonic spot welding of ZEK100 to Al6022 dissimilar alloys was successfully performed at different levels of welding energy. The corresponding microstructure, tensile lap shear peak load, and fatigue life were analyzed and evaluated. The following conclusions can be drawn:
1.
An interface diffusion layer consisting of eutectic structure of α-Mg and Al 12 Mg 17 was observed during welding at the energy levels from 500 J to 2000 J. The thickness of the interface diffusion layer increased from 0.5 µm to 30 µm with increasing welding energy.
2.
As the welding energy increased, the tensile lap shear peak load and critical stress intensity of the USWed joints first increased, reached their maximum values, and then decreased, while the interfacial failure mode occurred in the tensile lap shear tests at all levels of welding energy due to the presence of interface diffusion layer. 3.
The desirable interface diffusion layer was observed to be thin (about 3~5 µm in thickness) and continuous, which was achieved at a welding energy of 750 J, corresponding to the highest peak load of~2 kN and the highest critical stress intensity of~4.7 MPam 1/2 , respectively. 4.
The peak load of USWed ZEK100-Al6022 dissimilar joints reached about 68% of that of USWed ZEK100-ZEK100 similar joints and about 56% of that of USWed Al6022-Al6022 similar joints, while the peak critical stress intensity of ZEK100-Al6022 dissimilar joints arrived at about 75% and 49% of that of ZEK100-ZEK100 and Al6022-Al6022 similar joints, respectively. This was mainly related to the existence of interface diffusion layer in the ZEK100-Al6022 dissimilar joints and the difference in the ductility and formability between Al alloy and Mg alloy.
5.
Fatigue life of the USWed ZEK100-Al6022 dissimilar joints made at energy levels of 750 J and 2000 J was equivalent at the lower cyclic loads, while the joints made at 750 J exhibited a longer fatigue life at the higher cyclic loading levels. When the cyclic loading levels changed from high to low, the fatigue fracture mode changed from the interfacial failure to a mixed mode of interfacial failure and TTT crack growth that occurred on the Mg side, which corresponded well to the bi-linear characteristic of S-N curves. 6.
In both tensile lap shear and fatigue tests, the crack initiation was observed to occur basically at the weld nugget edge and at the interface between the two sheets. A theoretical stress analysis indicated that this was due to the presence of the maximum triaxial stresses at that location.
